Summary. Adult 
Introduction
Reproductive and hibernal cycles vary in the extent to which they overlap (Wimsatt, 1969) , hibernation limiting the duration of the breeding season. Female hedgehogs, Erinaceus europaeus, at 54°N are anoestrous from October until April, when spontaneous ovulation and dioestrous cycling occurs (Deanesly, 1934) . In England most pregnancies occur between May and September, few females breeding biannually, unlike females at 46°N in south-west France . During hibernation the endometrium proliferates and folliculogenesis begins (Walin et al, 1968) before permanent arousal.
The testes of male hedgehogs are fully active from April until the end of August at 54°N (Allanson, 1934) . Despite variation (Saboureau & Peyre, 1970) , full testicular reactivation, with mature spermatocytes present in the epididymides, usually occurs before April in south-west France. Since peak plasma testosterone values are attained 1 month before full spermatogenesis (Saboureau, 1981; Dutourné & Saboureau, 1983) , returning to basal levels 1 month before semi¬ niferous tubule regression, circulating testosterone concentrations are an accurate reproductive index. During the first half of hibernation spermatogenesis remains at the primary spermatocyte stage (Allanson, 1934; Saure, 1969) , testicular reactivation recommencing from mid-hibernation (Saboureau, 1979) , while the hedgehogs have low body temperatures for much of the time (Fowler, 1986) .
There is histological evidence for annual cycles of plasma concentrations of luteinizing hor¬ mone (LH), follicle-stimulating hormone (FSH) Girod et al, 1967) and prolactin in male and female hedgehogs, the latter being antigonadotrophic in males . There is, however, no histological evidence for hibernal pituitary inactivity . Plasma thyroxin concentrations and adrenal endocrine function are also highly seasonal in the hedgehog (Saboureau et al, 1979a, b) , the rapidly rising spring thyroxin values coinciding with increased frequency of spontaneous arousals from hibernation (Kristoffersson & Soivio, 1964) . Plasma cortisol and corticosterone levels, on the other hand, are maximal during the first half of hibernation, and minimal between January and May.
Ultrastructural changes in hedgehog pinealocytes correlate with seasonal reproductive changes (Pevet & Saboureau, 1974; Pevet, 1975) , melatonin having an anti-gonadotrophic effect during summer (Saboureau, 1973) . Experimental conditions of short days and low ambient temperatures, after spring reactivation, resulted in rapid involution, always followed by reactivation the following spring (Saboureau, 1981) . These results suggest that the hedgehog is photorefractory in late sum¬ mer and autumn, but highly photoperiodic in the timing of spring reactivation, endogenous cycles modified, but not abolished, by experimental conditions. Endogenous opioids are of particular interest in hibernators because of their suspected action as hibernation-induction triggers (Dawe, 1978; Oeltgen et al, 1981; Kulpa & Hall, 1983) and as regulators of reproductive cycles (Ebling & Lincoln, 1985; Roberts et al, 1985; Brooks et al, 1986) .
The aims of the present study were: (1) to characterize circannual changes in concentrations of plasma testosterone, melatonin, ß-endorphin, prolactin, thyroxin and urinary and plasma cortisol, at 57°N in a model hibernator, the hedgehog; and (2) to study adaptations of annual endocrine cycles to hibernal and environmental influences, in particular, how the hypothalamo-pituitarygonad axis reactivates in animals undergoing deep hibernation. 
Materials and Methods

Animals and methods
Animals
Hormone assays
Testosterone. Plasma testosterone concentrations in male hedgehogs were determined using a heterologous, double-antibody, radioimmunoassay previously described by Fowler & Racey (1987) . Minimum distinguishable testosterone levels were 005 ng/ml and intra-and inter-assay coefficients of variation were 10-8% and 13-4% respectively.
Melatonin. In 1984/5 plasma melatonin concentrations were determined, using the heterologous double-antibody assay described by Webley et a! (1985) , at the Institute for Hormone and Fertility Disorders, Hamburg, F.R.G. The primary antiserum was sheep anti-melatonin (Guildhay Antiserum, University of Surrey, Guildford, U.K.) with donkey anti-sheep/goat precipitating antibody (Antibody Production Unit, Law Hospital, Carluke, U.K.). Cross-reaction with 6-hydroxymelatonin, jV-acetyl-5-hydroxytryptamine and 5-hydroxytryptamine was <0-2%. The minimum sensitivity of the assay was 9-6 pmol melatonin/1. Hedgehog plasma dilutions closely paralleled the standard curve and the recovery of unlabelled melatonin from pooled hedgehog plasma was both linear and proportional. The intra-and inter-assay coefficients of variation were 7-3% and 8-5%.
Prolactin. Plasma from 1982/3 and 1983/4 was assayed at the School of Agriculture, University of Aberdeen, using a heterologous, double-antibody assay with anti-prolactin raised in rabbits and a second donkey anti-rabbit antibody, based on the method described by Chesworth (1977) . Dilutions of hedgehog plasma paralleled the standard curve and the recovery of unlabelled prolactin from hedgehog plasma was linear and proportional. Minimum detectable levels of prolactin were 0-75 ng/ml. Cross-reactivity was <0-l% with LH, FSH, GH and TSH. Intra-and inter-assay coefficients of variation were 6-8% and 10-9% respectively.
Plasma from 1984/5 was assayed for prolactin at the MRC Reproductive Biology Unit, Edinburgh, using a heterologous double-antibody assay (McNeiUy & Friesen, 1978) because of the wide range of prolactin species that this assay detected successfully. The primary antiserum was raised in guinea-pigs with sheep anti-guinea-pig gammaglobulin as the precipitating antibody. Cross-reactivity with growth hormone, FSH, LH, TSH and placental lactogens was < 0-01 %. Hedgehog plasma and pituitary extract dilutions paralleled the standard curve, but the comparatively low levels of the latter indicated low cross-reactivity of the antibody with hedgehog prolactin. The amount of prolactin detectable at 90% B/Bo was 0-3 ng/ml and the intra-and inter-assay coefficients of variation were 71% and 11-1% respectively. ß-Endorphin. Circulating levels of ß-endorphin were determined at the MRC Reproductive Biology Unit, Edinburgh, using the assay described by Ebling . Because the assay required 2 ml of plasma, hedge¬ hog plasma samples pooled from at least 2 males and 2 females each month were used. The label was l25I, the antiserum was raised in sheep, and the extraction efficiency was 790%. Cross-reaction was <0-2% with a-endorphin, -endorphin, met-enkephalin and dynorphin. The dilution of 2 hedgehog plasma pools was parallel to the standard curve and extracted sheep ß-endorphin. The recovery of unlabelled ß-endorphin from hedgehog plasma was linear and proportional. The intra-and inter-assay coefficients of variation were 12-3% and 18-6% respectively.
Thyroxin. Plasma thyroxin levels were determined at the School of Agriculture, University of Aberdeen, using a single sheep anti-thyroxin antibody radioimmunoassay based on the method described by Ratcliffe et al. (1974) . Polyethylene glycol separation of thyroxin was necessary. Cross-reaction with 3,5,3'-triiodothyronine was <20%. Dilution of hedgehog plasma was parallel to the standard curve and the recovery of unlabelled thyroxin from pooled hedgehog plasma was linear and proportional. The sensitivity of the assay was 0-6 ng/tube and intra-and inter-assay coefficients of variation were 6-8% and 12-3%.
Cortisol. Plasma cortisol was determined at the School of Agriculture, University of Aberdeen, using a single antibody RIA with sheep anti-cortisol (after Abraham, 1969; Henderson & Chesworth, 1977) . The assay label was 3H and the efficiency of ether extraction was 79 + 2-9%. Cross-reactivity with corticosterone, cortisone, 21-deoxycortisone, 11-deoxycortisone, 11-deoxycorticosterone and dexamethasone was <005%, and 001% with oestradiol, testosterone and progesterone. Dilutions of hedgehog plasma paralleled the standard curve and the recovery of unlabelled cortisol from pooled hedgehog plasma was linear and proportional. Sensitivity of the assay was 12-3 pg/tube, with intra-and inter-assay coefficients of variability at 5-7% and 9-8% respectively. Urinary free-cortisol was determined by a commercial RIA kit, Cortisol 125I (Farmos Diagnostica, Farmos Group Ltd, Turku, Finland). The antiserum was rabbit anti-cortisol and the specified cross-reactivities were only > 1 % with prednisolone, corticos¬ terone, 11-deoxycortisol and 5ß-dihydrocortisol. Intra-and inter-assay coefficients of variability were 2-2% and 5-3% respectively.
Statistical analysis
Differences between hormone values were tested by analysis of variance (ANOVA) or the Mann-Whitney test (Zar, 1984) . Relationships between variables were compared by simple linear correlations, r (Snedecor & Cochran, 1980) . Rhythmicity of changes in variables was tested using least-squares cosine curves (Halberg et a!, 1967; Shiotsuka el ai, 1974) and the deviations from cosine curves were quantified by fitting sine least-squares curves and converting the arctangent of the time-interval. Unless otherwise stated means are presented as + s.e.m.
Results
Body mass cycle
The circannual pattern of changes in body mass of male and female hedgehogs was marked, with weight loss during hibernation (Fig. 1) , reaching minimum levels, about 30% below maximum levels, between January and April. Rapid recovery of body mass occurred in spring, with peak weights attained between July and September, before the onset of hibernation. Both males and females deviated from strict 12-month cycles by <27 days/12 months (cosine regression, < 0001). On average males were 12-8 ± 21% heavier than females (Mann-Whitney, < 001), although there was no significant difference (r, > 005) Fig. 8 .
ß-Endorphin
The results in Fig. 6 show overall values for each month. 
Discussion
The present study, at 57°N, enables latitudinal comparisons with studies at 46°N in southwest France, and investigation of a specialized endocrine system. Blood sampling by anaesthesia and cardiac puncture may be stressful, although this should have declined as the hedgehogs became accustomed to repeated sampling. While there are no data concerning the effect of stress on hedge¬ hog hormone levels, two factors mitigate against a significant effect: firstly, the process was rapid, < 3 min from start to finish, and, secondly, plasma cortisol concentrations in the present study were no higher than those measured in plasma from undisturbed hedgehogs bearing carotid catheters (Saboureau et al, 1979b ).
There was no measurement of target tissue uptake and peripheral metabolic clearance of the hormones investigated in the present study. In the hedgehog the efficiency of testosterone binding protein in plasma has an annual cycle opposite that of plasma testosterone concentrations (Saboureau et al, 1982) . The peripheral metabolism of testosterone also fluctuates, but Saboureau & Boissin (1983) concluded that in the hedgehog only the small summer dip in plasma testosterone concentrations was explained by increased metabolic clearance. Gustafson & Damassa (1987) showed that, while sex-steroid binding proteins modulated the effects of circulating steroids, they in no way invalidated conclusions based on plasma concentrations of the hormones themselves. These studies suggest that, while target tissue uptake and metabolic clearance are important, the measure¬ ment of circulating concentrations of hormones remains valid in the investigation of physiological cycles and their regulation.
Plasma testosterone at 57°N shows a period of elevation 2 months shorter in duration than at 46°N (Saboureau & Boissin, 1978; Saboureau & Dutourné, 1981) , rising and falling 1 month later and earlier respectively. This later reactivation, and earlier involution, is associated with the shorter summers at 57°N, spermatogenesis occurring over a shorter period. The mid-summer reductions in testosterone concentrations in northeast Scotland are less profound than at 46°N, reflecting a monophasic breeding season at 57°N (Deanesly, 1934; Kristiansson, 1984) , unlike the biannual production of litters common in southwest France (Saboureau & Castaing, 1985) .
The circannual cycles of plasma thyroxin were similar at the two latitudes (Saboureau & Boissin, 1978) . However, as with testosterone, thyroxin concentrations were depressed for longer (September to January) than in southwest France (October to January), with peak levels occurring up to 2 months later. At both latitudes plasma concentrations of testosterone and thyroxin were closely correlated.
Saboureau et al (1979a) found that concentrations of plasma cortisol and corticosterone peaked in December with a definite circannual cycle. However, the variability of both plasma and urine cortisol in northeast Scotland may be due to differences in RIA characteristics, since the cortisol/corticosterone ratio in hedgehogs is 28:1 (Boissin et al, 1975) , and corticosterone was not assayed in the present study. Another potential source of difference is the timing of blood sampling since the circadian cycles of plasma cortisol altered during the year (Saboureau et al, 1979b ).
The present study was the first in which plasma concentrations of melatonin and ß-endorphin were determined in the European hedgehog, and represents the first attempt to characterize the circannual pattern of plasma prolactin concentrations in this species. The incremental nature of the body mass plots (Fig. 1) is a feature of adult hedgehogs in captivity (M. Saboureau, personal communication) , and the characteristic circannual cycles remain.
Plasma prolactin concentrations were significantly (ANOVA, < 0001) higher during winter (Fig. 8) , indicating continued hypothalamo-pituitary activity during hibernation, although in another hibernator, the ground squirrel Citellus tridecemlineatus, the pituitary is lighter during winter (Hoffman & Zarrow, 1958) . Due to reduced cellular activity (Cameron & Cleffmann, 1964) and hormone synthesis (Teravainen & Saure, 1976) (Fowler, 1986) . Therefore, most secretory activity must occur during spon¬ taneous arousals, which increase in frequency during the second half of hibernation (Kristoffersson & Soivio, 1964) , especially since the pituitary-adrenal axis is known to be blocked during hibernation in the hedgehog (Hoo-Paris, 1971) . That neuroendocrine activity during spontaneous arousal plays a part in the termination of hibernation (Wang, 1982) is supported by elevated pro¬ lactin values during winter, the reactivation of the gonads during the second half of hibernation (Fowler & Racey, 1987) and the observations of Saboureau et al (1984) who found that exogenous testosterone in autumn abolished hibernation in hedgehogs.
The wide-ranging functions of prolactin (McNeiUy, 1980; Knight & Peaker, 1982; McNeiUy et al, 1982; Bartlet, 1985; Gromdzka-Ostrowska et al, 1985) makes the interpretation of the sig¬ nificance of elevated prolactin values during winter difficult, although prolactin is implicated in induced ovulation (Saboureau & Castaing, 1985) in hedgehogs. Correlations between prolactin and photoperiod and ambient temperature suggest that prolactin is involved in the environmental regulation of metabolic and reproductive cycles of the hedgehog.
Maximal thyroxin values occurring during the active season in hibernators (Saboureau & Boissin, 1978) and non-hibernators, such as the European badger, Mêles meles (Maurel & Boissin, 1983) , indicate the extensive metabolic function of thyroid hormones. The development of hypothyroidism in fasted rats (Bachman et al, 1985; Connors et al, 1985) is paralleled in hibernators undergoing prolonged inanition, and it is pertinent that thyroxin concentrations are basal during the first half of hibernation in the hedgehog. The rapid spring rise in thyroxin recorded in the present study has been reported for other hibernators, such as the edible dormouse, Glis glis, (Jallageas & Assenmacher, 1983) and other heterothermic species (Cheema & Ayyaz, 1983) . The coincidence between high thyroxin utilization and elevated basal metabolic rate in the shrew Sorex vagrans (Tornasi, 1984) is seen on a circannual basis in the hedgehog (Fowler, 1986) . The earlier rise in spring, and fall in autumn, of plasma thyroxin values in males than females is indicative of the males' earlier entry into, and arousal from, hibernation (Kristoffersson & Soivio, 1964) .
The circannual melatonin cycle observed in the present study is similar to that reported for other species (Reiter, 1978; Tamarkin, et al, 1985) , although peak values of 800 pg/ml in the hedge¬ hog were rather high. The high plasma melatonin concentrations at photoperiods under 10L:14D coincide with November to February, the period of deepest hibernation, although from December arousal frequency increases (Kristoffersson & Soivio, 1964 , 1967a until full activity in April/May. The sudden change in melatonin secretion at 10L:14D suggests that this is a key photo¬ period in the entrainment of endogenous cycles in the hedgehog, and the timing of the annual melatonin cycle suggests that it is involved in the transduction of photoperiodic cues in the hedgehog, as in many other species (Reiter, 1981a, b; Martinet & Allain, 1985) . Similarities between day and night melatonin values were probably due to accidental exposure of the hedgehogs to light when they were bled.
The plasma ß-endorphin cycle observed was surprisingly similar to that recorded for a shortday breeder, the ram, by . However, in the hedgehog concentrations are low throughout winter and much of spring, but low until early summer in the ram. Maximal ß-endorphin levels in the ram coincided with the onset of the breeding season, which would imply that elevated ß-endorphin from March may be functional in the environmental modulation of hedgehog reproductive cycles. The lack of correlation of ß-endorphin with plasma or urinary cortisol suggests that it is not simply secreted from the anterior pituitary simultaneously with ACTH, as occurs in response to treatment with corticotrophin-releasing factor (Vale et al, 1978) or stress (Guillemin et al, 1977) . The rise in ß-endorphin values between January and March correlates with plasma testosterone and thyroxin elevation, suggesting a role for ß-endorphin in both the reactivation of gonadal activity which occurs at this time Walin et al, 1968; Dutourné & Saboureau, 1983) and the stimulation of anabolism (Margules, 1979) . However, the suppression of LH secretion by ß-endorphin (Ebling & Lincoln, 1985) contradicts a progonadal role for ß-endorphin, although its antigonadotrophic effect is modulated by gonadal steroids themselves (Bhanot & Wilkinson, 1984) . It may be important that plasma prolactin rises before ß-endorphin values fall in October.
Since serotonin inhibits hedgehog reproduction (Saboureau, 1973; Pevet & Saboureau, 1974) , the fall in melatonin levels during spring may be permissive in the sexual reactivation of the hedge¬ hog. There is also evidence that the inhibition of gonadotrophin secretion by opioids acts via the stimulation of the release of a precursor of melatonin, and other reproductively active pineal índoles (Reiter, 1984) , 5-hydroxytryptamine (Stansfield et al, 1988) . Similarly, the inverse relation¬ ship between prolactin and testosterone indicates short-day stimulation of testicular prolactin receptors in the hedgehog, the opposite of events in another hibernator, the hamster (Klemcke et al, 1983) . The departure of plasma testosterone concentrations from a strict correlation with the rate of change of photoperiod (Fig. 3) 
